If inflammation caused by either non-self or self molecules can disseminate throughout the body and inflammatory sites actively allow entry of circulating tumor cells and assist their regrowth, then circulating tumor cells metastasize to the sites of inflammation. However, disrupted sites of homeostatic inflammation do not necessarily guarantee metastatic spread and subsequent regrowth.

Before explaining how tumor cells regrow in premetastatic organs with inflammatory properties, there is a fundamental issue of whether or not extrinsic factor-induced inflammation, systemic or localized, facilitates metastasis in the inflammatory lesion.

Local Stimuli {#Sec1}
=============

Irradiation at Primary Sites {#Sec2}
----------------------------

Although a rare case of metastasis of lung cancer to a minor traumatic lesion has been reported, mechanical injury seldom allows metastatic growth of tumor, otherwise surgeons lose their job.

Radiation to the thorax or pelvis of tumor-non-bearing normal mice increased serum TGFβ1 levels by twofold for at least 7 days \[[@CR1]\]. MMTV/PyMT transgenic model of metastatic mammary tumor showed that thoracic irradiation at 10 Gy by shielding other portions of the body enhanced lung surface metastasis by threefold at 2 weeks after irradiation. This took place in a manner dependent on TGFβ1 in the tumor cells, because conditional depletion of TGFβRII using Cre/Lox technology reversed the effect. TGFβ1, which is induced by irradiation in a tumor-independent manner, is thought to facilitate directly the survival of the tumor cells. In this case, the lungs were not irradiated to cause inflammation but tumor burden by itself induce premetastatic conditions in the lungs and irradiation-induced serum TGFβ1 activates CTC to reach the lungs.

UV-irradiated epidermal keratinocytes secrete HMGB1, which activates TLR4 to recruit neutrophils in the irradiated skin in which CD11b^+^ Ly6C^+^ Ly6G^+^ cells dominate \[[@CR2]\]. In transgenic mouse model of melanoma that overexpressed HGF and an oncogenic CDK4, repeatedly irradiated mice by UV for 6 weeks exhibited some melanoma cells expanding along the endothelial cells, often observed in human melanoma. This angiotropism enhanced lung metastasis, both of which were abrogated in KO mice of either TLR4 or MyD88. Also in this experiment, lungs were not treated by UV, but the generated melanoma by UV prepared premetastatic soil in the lungs.

In both experiments, irradiation of tumor induced host cell responses, which provide favorable conditions for tumor cells to achieve metastasis, such as potentials to intravasate and survive.

Hepatitis {#Sec3}
---------

Meta-analysis of 4049 patients who suffered from chronic liver diseases, including fatty liver, chronic hepatitis virus B or C infection, and cirrhosis, revealed significantly lower rates of liver metastasis in colorectal cancer (CRC) \[[@CR3]\]. Readers should remember that the organ first encountered by circulating tumor cells from the primary tumor is liver by CRC, lungs by any tumors that do not drain into the portal vein, and any organs by lung cancer. A more focused analysis of chronic viral hepatitis (CVH) B and C, liver metastasis took place in 2.86% (2 of 70 cases) compared with 16.9% (48 of 284) in non-CVH. In C57BL/6 mice with cirrhosis, which was induced by carbon tetrachloride gastrogavage for 2 months, B16F1 melanoma cell injection via the portal vein caused seven- to ninefold increase in frequency of tumor in the liver by histological analysis in cirrhosis over the untreated group \[[@CR4]\]. No surface metastatic nodules were found in the lungs. Intravital kinetic analysis showed that the tumor cell movement was slower in the cirrhotic group. Given the presence of regeneration, fiber generation and inflammatory cells in both clinical autopsy and experimental mouse settings, I assume that inflammatory nature in the liver and its matching with tumor cell property may make a difference.

Bacteria or Lipopolysaccharide {#Sec4}
------------------------------

Treatment of B16 melanoma cells with lipopolysaccharide (LPS) or lipid A at 1 μg/ml each for 48 h, which induced CCL2 expression, followed by extensive washing and subcutaneous implantation, reduced the tumor growth compared with untreated B16 cells in both wild-type and TLR4-KO mice. However, LPS promotes tumor cell migration in vivo \[[@CR5]\]. Supportive evidence has been provided by experiments in which direct intratracheal administration of either *Escherichia coli* or LPS before injection of tumor cells, such as B16F10 melanoma or RM-9 cells, through the tail vein enhanced lung metastasis at 14 days after tumor challenge \[[@CR6]\]. Tumor cell injection at any time points earlier than 6 h, but not later than 3 days, of LPS was effective for the enhancement. BAL fluid 6 h after LPS had increased amounts of IL-6, G-CSF, KC, SDF-1, and extracellular ubiquitin. The major chemokine receptor of neutrophils in acute lung inflammation is CXCR2, which is activated by MIP-2 and KC (remember that KC is a rodent version of IL-8 in humans). As with TLR4, CXCR2 is expressed in both blood and non-blood cells, both of which contribute to neutrophil accumulation and pulmonary permeability in the lungs. Both ubiquitin and SFD-1 are known to bind CXCR4, and CXCR4 inhibitor AMD3100 blocked the enhancement of metastasis. The reasonable but important point is that they found no metastasis in the extrapulmonary organs. In our laboratory, LPS administration through a catheter only to the left bronchus with microspheres to make sure of the stimulation sites induced vascular permeability at 48 h and accumulation of intravenously injected labeled tumor cells in the left but not right lung. Therefore, a local TLR4 activation of a given pulmonary segment causes a limited inflammatory space to which tumor cells are allowed to metastasize. If the lung TLR4 is activated by an endocrine manner, the whole lungs should be transformed to be premetastatic soil.

Systemic Stimuli {#Sec5}
================

Arthritis {#Sec6}
---------

MMTV-PyV MT mice display no primary mammary tumor at 9 weeks, but during the period of 18--26 weeks tumors with spontaneous metastasis appear. Rheumatoid arthritis mouse model by type II collagen injection was performed intradermally at 9 weeks of MMTV-PyMT mice to induce arthritis in 11--13 weeks of tumor development \[[@CR7]\]. The combined systems at early developmental stages of mammary tumor are assumed to see the systemic inflammatory effect at the premetastatic phase. Bone metastasis took place only in the arthritis mice, and more than twofold increase in lung metastasis was observed in the same group. The arthritis induction caused leukocyte infiltration in the lungs, which was enhanced by roughly fourfold in the background of mammary tumor. Elevation of factors in the lungs and circulation was detected, including IL-17, IL-6, and PGE2. Anti-IL-17 antibody and COX-2 inhibitor both reduced the metastasis. The same group demonstrated that arthritis induced mast cell recruitment in the lungs in a tumor-independent manner, but tumor cell engagement enhanced the mast cell activation underpinning the enhanced metastasis \[[@CR8]\]. Anti-c-Kit antibody also was effective to reduce metastasis. Importantly, the detailed experiments tell us that premetastatic soil can be cultivated by inflammation of other organs.

Allergy {#Sec7}
-------

The experimental method to induce allergic inflammation in lungs has been established. Intraperitoneal injections of chicken ovalbumin (OVA) followed by repeated aerosol challenges can provoke mucus accumulation in respiratory tracts and airway hyperresponsiveness, serving as an asthma model \[[@CR9]\]. The James J. Lee group has demonstrated that CD4^+^ T-cell-dependent recruitment of eosinophils in both bronchoalveolar lavage fluid (BAL) and interstitial peribronchial and perivascular areas are required for the asthmatic phenotypes by engineering eosinophil-lacking PHIL mice in which expression of cytocidal diphtheria toxin is congenitally driven by the eosinophil peroxidase gene promoter. Gαi2-dependent CCR3 signaling promotes transendothelial migration of eosinophil \[[@CR10]\].

When B16F10 melanoma cells were injected through the tail veil after aerosol challenges, numbers of metastatic foci on the pulmonary surface were increased by threefold \[[@CR11]\]. T cell depletion by anti-CD4 antibody (GK1.5), corticosteroid inhalation and Gαi2-KO condition, but not the PHIL background, abrogated the enhanced metastasis. Therefore, it is not eosinophils by themselves but CD4^+^ T-cell-dependent soil preparation to allow transendothelial migration of cells that appears to play a critical role for allergy-facilitated lung metastasis. The same group provided data of 176 breast cancer patients with lung metastasis. Approximately 13% suffered from asthma but with no corticosteroid treatment, which is about twice the frequency of asthma in a random population of American females.

Disruption of Local Homeostasis {#Sec8}
===============================

CC10, alternatively called club cell secretory protein (CCSP) or uteroglobin (UG), is secreted by club cells in a steroid-inducible manner. CC10-KO mice are susceptible to LPS inhalation with increased leukocytes in BAL 24 h after LPS \[[@CR12]\]. The concentration gradient of S100A8 was detected in the lungs down to blood in CC10-KO mice \[[@CR13]\]. CC10-KO enhanced lung metastasis after injection of B16F10 melanoma cells through the tail vein. Although S100A8 was not expressed in B16F10 cells, they expressed RAGE whose ligand includes AGE and S100A8/S100A9. An anti-RAGE siRNA-mediated knockdown of RAGE in B16F10 prior to the tail veil injection suppressed lung metastasis. I assume that CC10-KO lungs are already cultivated by constant assaults of bacteria with LPS for the expression of S100A8 and S100A9 before tumor cell injection.

Disruption of Systemic Homeostasis {#Sec9}
==================================

VEGFR2-CN-NFATc Homeostatic Feedback by DSCR-1 {#Sec10}
----------------------------------------------

The calcineurin-NF-ATc pathway has been known as located downstream of antigen-presenting cell engagement to T cells but also is activated individually by the VEGF-VEGFR2 and thrombin-PAR-1 systems \[[@CR14]\]. Both exert vascular permeability as I stated earlier. From cDNA microarray experiments of HUVEC stimulated by VEGF and thrombin, Down syndrome critical region-1 (DSCR- 1, also called calcipressin 1, MCIP-1, and adapt 78) was found dramatically induced by 22.3-fold and 17.7-fold, respectively at 1 h \[[@CR15]\]. It turned out that DSCR-1 inhibited nuclear localization of NF-ATc in HUVEC, i.e., inhibited calcineurin activity by direct interaction. The NF-ATc-mediated transcription induces expression of cytokines, such as IL-6, but simultaneous induction of the inhibitory molecule DSCR-1 forms a negative feedback loop to brake hyperactivation of the cytokine storm.

The expression of ICAM-1, E-selectin, and VCAM-1 were negatively affected by more than 50% in thrombin-stimulated HUVEC infected with DSCR-1 adenovirus \[[@CR16]\]. Not only the mRNA expression level but also number of genes was down-regulated by DSCR-1. The same author stated that 52 of 172 thrombin-activated genes in HUVEC were down-regulated by DSCR-1 overexpression. Given that both VEGFR2 and PAR-1 provoke inflammation, the autoinhibitory mechanism serves to avoid an overshoot and maintain the oscillating physiological levels of calcineurin-NF-ATc activity. Therefore, this also can be called homeostatic inflammation.

Adenovirus-mediated gene transfer of DSCR-1 in B16 melanoma xenograft at approximately 50 mm^3^ tumor size, in which angiogenesis was actively taking place, inhibited the tumor growth. However, syngrafts of murine renal carcinoma (RENCA) and colon cancer (MC26) in DSCR-1^−^KO mice displayed diminished tumor growth with significant reduction in SMA^+^CD31^+^ vessels \[[@CR17]\]. Mechanistically, constitutive activation of calcineurin not only induced precocious NF-ATc nuclear localization in a cyclosporine-inhibitable manner but also dephosphorylated BAD to activate the apoptosis pathway in endothelial cells. Cerebral hemorrhage was detected in 15% of DSCR-1-KO at embryonic days 10 and 12 (E10 and E12).

Those experiments tell us important logics in homeostasis. There are several modes in negative feedback by molecules downstream, including catalytic inhibition of the molecule upstream by keeping the cells alive and cancellation of the biological outcome, such as growth, by eliminating the cells by apoptosis. It depends on the developmental stage of embryos and tumors. Another example of endothelial homeostasis is VEGF. Anti-VEGF antibody also resulted in side effects, such as brain hemorrhage \[[@CR18]\]. VEGF-KO mice are embryonic lethal \[[@CR19]\].

In ectopic syngraft model with eGFP-labeled B16F10 melanoma cells, premetastatic lungs were assumed by 12 days after subcutaneous implantation \[[@CR20]\]. They found fibrinogen-fibrin deposit generated by vascular instability that is caused by expression of angiopoietin 2 (Ang2), MMP3, and MMP10. They could hardly detect up-regulation of VEGF in the lungs and claimed that both TGFβ and TNFα were responsible for up-regulation of those molecules, siRNA-mediated knockdown of which resulted in suppressed infiltration of both myeloid cells and tumor cells. Ang2 is usually expressed in vascular remodeling sites in which vessels are more plastic with loosened endothelial junctions. Our experiments showed that blocking TGFβ and TNFα individually suppressed up-regulation of S100A8 and S100A9 in premetastatic lungs of tumor-bearing mice.

When B16F10 melanoma cells were injected via the tail vein to Dscr1-lacZ mice, in which LacZ expression was engineered to manifest the calcineurin-NF-ATc activity, tyrosinase mRNAs were not detected until day 7 after tumor cell injection. Because it could be detected as early as days 3--5 before tumor cell arrival, they assumed the period as the premetastatic period. Interestingly, B16F10 injection in DSCR-1-KO mice significantly enhanced lung metastasis as judged by day 10. Orthotopic RENCA tumor model and LLC footpad model also aggravated lung metastasis in DSCR-1-KO mice, while growth of the primary tumor was suppressed as just described. The difference between the primary sites and metastatic lungs turned out to be Ang2 expression in the lungs without endothelial apoptosis. Up-regulation of both VEGF and activated VEGFR2 was recognized in the tumor-injected DSCR-1-KO mice.

Inflammation in Vessels {#Sec11}
-----------------------

I have repeatedly stated the importance of vascular permeability in inflammation (Fig. [15.1](#Fig1){ref-type="fig"}; see also Chap. 10.1007/978-4-431-56024-1_14). What will happen when endothelial cells are systemically injured? It has been intensively studied from the standpoint of hypertension and vascular tone. Vascular tone is how much a vessel is constricted compared with maximum dilatation with largest lumen diameters. For example, angiotensin II (ATII) (amino acids 1--8) increases vascular tone, while by atrial natriuretic peptide (ANP) decreases it.Fig. 15.1Homeostatic mimicry

An early study in 1972 showed that ATII induced vascular permeability with interstitial edema in rabbit aorta and dermis in 30 min with Evans Blue as an indicator, which was accompanied by widening of inter-endothelial gaps by endothelial contraction \[[@CR21]\]. ATII-stimulated vessels secrete PGE, which further increases permeability and induces vasodilatation.

ATII infusion for 14 days in mice displayed hypertension, reduced acetylcholine-mediated relaxation, increased maximum response to norepinephrine, hypertrophic remodeling with prominent macrophage infiltration, Nox2 up-regulation, and NFκB activation \[[@CR22]\]. Those are attenuated in Op/Op mice that are deficient in M-CSF showing monocytopenia and macrophage deficiency. In the same vessel injury model under the background of LDL-R-KO to induce hypercholesterolemia, development of atherosclerosis and aortic aneurysm was reduced by whole-body genetic deletion of ATII type 1a receptor (AT1a) \[[@CR23]\]. The ATII-induced inflammation in vessels is accompanied by leukocyte migration through activation of endothelial AT1a of both endothelial cells and vascular smooth muscle cells (VSMC) and the stimulated VSMC secretes the potent permeability factor VEGF and stimulated endothelial cells secrete chemokines, including CCL2, RANTES, MIP-1α, and IP-10 \[[@CR24]\]. Conversely, VEGF-induced vascular permeability is blocked by pharmacological inhibitors against ATII receptor. Here the vasoconstrictor induces inflammation-mediated increase of vascular tone.

In the renin-angiotensin system (RAS), angiotensinogen is processed to ATI (amino acids 1--10) by renin, which is further cleaved by ACE to ATII. Both ATI and ATII are inactivated by ACE2, a homolog of ACE, to AT (amino acids 1--9) and AT (amino acids 1--7), respectively. ACE2 negatively regulates RAS. Although the baseline levels of pulmonary ATII were not changed in ACE2-KO mice, lung injury by acid (see Chap. 10.1007/978-4-431-56024-1_6) significantly augmented its levels in ACE2-KO mice, which was accompanied by severe lung edema due to enhanced pulmonary vascular permeability as judged by Evans Blue but not to changes in pulmonary perfusion pressures. The high permeability was abrogated in AT1a-KO mice or pharmacological inhibitor for AT1 receptor \[[@CR25], [@CR26]\].

When B16F1 melanoma cells were intravenously injected, lung metastasis was reduced in AT1a-KO mice \[[@CR27], [@CR28]\]. Conversely, oral administration of ATII enhanced the metastasis. The authors showed an engagement between B16F1 cells with ATII-induced expression of P-selectin glycoprotein ligand-1 (PSGL-1) and platelets expressing P-selectin prompted VEGF release from the platelets. It is likely that ATII not only stimulates pulmonary endothelial cells to induce inflammation but also B16F1 cells to induce PSGL-1 expression to facilitate the engagement. The important point is that AT1a-expressing tumor cells may reach the premetastatic lungs and wait for an angiogenic switch, which could be mediated by ATII that plays a homeostatic role in the lung microenvironment. Macrophages also express ACE to generate ATII \[[@CR29]\].

TNFα can induce vascular permeability as stated before. Transgenic mice of TNFα exhibited lung emphysema and severe pulmonary hypertension (PH) with vascular remodeling, such as interstitial thickening and perivascular fibrosis \[[@CR30]\]. Because nitric oxide (NO) at 25 ppm failed to restore the right ventricular pressure, PH was not due to sustained vasoconstriction. In a skeletal muscle, TNFα infusion induced increased capillary permeability but only a minor effect on vascular tone \[[@CR31]\]. The vascular permeability factor eventually increases vascular tone after sustained TNFα-induced inflammation.

Knockout mice of NPR-A, one of the receptors for ANP, displayed systemic hypertension \[[@CR32]\]. However, LPS-induced vascular permeability in the lungs could be partially attenuated by ANP infusion even in NPR-A-KO mice, suggesting that ANP also may use other receptors, such as NPR-C, for pulmonary barrier protection \[[@CR33]\]. Therefore, ANP not only decreases vascular permeability but also decreases vascular tone, i.e., causes vasodilatation. Lung metastasis induced by intravenous infusion of B16 melanoma cells after pretreatment with LPS was reduced by 75% by ANP infusion prior to the tumor cell challenge \[[@CR34]\]. Pretreatment with ATII also enhanced lung metastasis, which was inhibited by candesartan, an AII receptor blocker \[[@CR35]\].

AA Metabolites {#Sec12}
--------------

Now I state on arachidonic acid (AA) metabolites in vascular tone. In endothelial cells, AA is metabolized to (1) PGI2 by cyclooxygenase (COX), (2) 12- or 15- HETE (hydroxyeicosatetraenoic acid) by lipoxygenase (LOX) and 11, 12- or 14, 15- EET (epoxyeicosatrienoic acid) by cytochrome P450 epoxygenases like CYP2C8 and CYP2J2. The EETs are subsequently metabolized into DHET (dihydroxyeicosatrienoic acid) with reduced biopotency by soluble epoxide hydrolase (sEH) (see Fig. 10.1007/978-4-431-56024-1_1\#Fig4 in Chap. 10.1007/978-4-431-56024-1_1).Fig. 15.2LPS mimicry. Lungs have interphase between circulation and airway with paracrine signaling. Exogenously borne microbes through the airway induce mobilization of bone marrow-derived myeloid cells (*BMDC*) to the lungs. The triggering mechanism may involve microbial LPS that activates TLR4 in club cells in terminal bronchioles. The paracrine signaling goes in the direction to the circulation side. Expression of endogenous ligands, such as S100A8 and SAA3, in endothelial cells in sterile premetastatic lungs is induced by primary tumor-derived growth factors, such as CCL2, from the circulation side and the paracrine signaling goes in an opposite direction from the circulation to airway side to result in amplification of SAA3 in club cells. Bone marrow may misrecognize those endogenous ligands as LPS derived from lung infection and mobilize the myeloid cells there to battle against the phantom microbes Fig. 15.3Multiligand/multireceptor system

Endothelial cells decrease their vascular tone individually by PGI2, NO, and endothelium-derived hyperpolarizing factor (EDHF), such as EET \[[@CR36]\]. Independence of those factors can be understood by non-NO and non-PGI2-mediated relaxation even in the presence of pharmacological inhibitors against NOS and COX. To complicate the circumstances, many factors participate in their release. For example, histamine induces release of PGI2 and EET. EET also is released by acetylcholine and bradykinin. EET opens Ca2+-activated K-channel and hyperpolarizes the membrane.

Syngeneic xenograft tumor models, including B16F10 melanoma, T241 fibrosarcoma, and LLC in the background of Tie2 promoter-driven CYP2C8, CYP2J2 transgenic (tg) and sEH-KO mice to achieve high levels of EET in endothelial cells exhibited dramatic increase in the tumor growth with enhanced tumor angiogenesis as judged by CD31-positive cells \[[@CR37]\]. Transgenic mice of Tie2-sEH gave opposite effects. An enhanced corneal tumor angiogenesis was observed after systemic administration of 14,15-EET. In addition, stimulation of metastasis after removal of LLC primary tumor was further augmented in the background of those EET-high mice. I underline that they observed that the affected metastatic organs were multiple, including lymph nodes, liver, and lungs even without removal of the primary tumor. The EET-high tumor-bearing mice after tumor removal showed high levels of plasma VEGF and the resected tumor expressed high VEGF mRNAs. Most importantly and intriguingly, the authors performed parabiosis experiments to share circulation between, for example, a tumor-bearing Tie2-sEH-KO mouse as a donor with high EET and a Tie2-sEH-tg mouse as a recipient with low EET. This parabiosis gave enhanced tumor growth but the opposite condition, i.e., tumor in EET-low mice failed to enhance it. The shared high levels of EET were not sufficient to enhance tumor growth and endothelial EET levels were critical. It also was the case in metastasis. A tumor-bearing Tie2-CYP2C8-tg mouse with high EET failed to enhance metastasis in the recipient Tie2-sEH-tg mouse, demonstrating that endothelial EET levels control the metastatic microenvironment.

EET is produced in endothelial cells and therefore it appears to circulate and act on endothelial cells of the whole body. However, even in conditions where EET could work in an endocrine manner, local actions in each endothelial cells appear to control its bioactivity. Both transgenic and KO engineering just provides artificial circumstances in which the endothelial EET simultaneously affects all endothelial cells of the whole body.

Obesity {#Sec13}
=======

Benign fat tumors are functionally malignant (Fig. [15.1](#Fig1){ref-type="fig"}; see also Chap. 10.1007/978-4-431-56024-1_14). A similarity can be recognized between cancer and adipose tissue. CCR2- and TLR4-promoted myeloid cells are mobilized in the primary tumor sites, premetastatic sites, and adipose tissues in obesity. The accumulated macrophages facilitate the tumor proliferation in the primary sites and hypertrophy of the adipocytes. Therefore, adipose tissues can be assumed to be benign tumors, because adipocytes do not make metastatic progression to different locations of adipose tissues nor circulating bone marrow-derived cells differentiate into adipocytes. Analyses of adipose tissue of mice that underwent BMT with GFP^+^ bone marrow revealed that there were no GFP^+^ cells that also were positive perilipin, an adipocyte marker \[[@CR38]\].

Homeostatic Mimicry in Cancer {#Sec14}
=============================

Insulin Mimicry in Preneoplastic Foci in Liver {#Sec15}
----------------------------------------------

A situation in which tumor cells utilize host homeostatic systems was proposed by Peter Bannasch in 1997 \[[@CR39]\] (Fig. [15.1](#Fig1){ref-type="fig"}). The glycogen storage system in liver is homeostatically regulated by glycogenolysis by epinephrine and glucagon and glycogenosis by insulin. As I stated in Chaps. 10.1007/978-4-431-56024-1_10 and 10.1007/978-4-431-56024-1_12, glycogenolysis in liver and active glycolysis are metabolic hallmarks in cancer. However, an early preneoplastic event common to both chronic liver disease patients with a high risk for hepatocellular carcinoma and N-nitrosomorpholine-treated chemical hepatocarcinogenesis model in rats is glycogenotic activity that mimics the insulin effect \[[@CR40]\]. This also can be recognized as a homeostatic response to a driving force for glycogenolytic activity that still is latent.

A similar phenomenon in angiogenesis is observed. Semaphorin3A (Sema3A) is one of the endogenous angiogenesis inhibitors by signaling through cellular cytoskeleton (see Chap. 10.1007/978-4-431-56024-1_16). In biopsy samples of human uterine cervical cancer patients, Sema3A was highly expressed in the epithelial cells and some endothelial cells in high-grade dysplasia called CIN-3, which was totally absent in cervical squamous cell carcinomas (SCC) \[[@CR41]\]. This was supported by the HPV/E2 mouse model in which cervical tumor progression could be time-dependently observed from low-grade (CIN-1/2), CIN-3 lesions, and SCC. Sema3A was highly expressed in endothelial cells in CIN-3 lesions. It is likely that the up-regulation of Sema3A is a homeostatic response against the angiogenic switch by the tumor before full tumor angiogenesis.

LPS Mimicry in Premetastatic Lungs {#Sec16}
----------------------------------

### Roles of S100A8 (see Figs. [15.1](#Fig1){ref-type="fig"}--[15.3](#Fig1){ref-type="fig"}) {#Sec17}

The idea of LPS mimicry is based on the demonstration (see below) by us and other group that MD-2, the co-receptor of TLR4 (see Fig. 10.1007/978-4-431-56024-1_5\#Fig3 in Chap. 10.1007/978-4-431-56024-1_5), binds not only LPS but also S100A8 and SAA3.

In biochemical levels, we used full-length S100A8 and SAA3 proteins expressed in and purified from mammalian cells, and synthetic peptides of various lengths theoretically to avoid contamination of LPS. Surface plasmon resonance analyses revealed that Kd is 10 nM for mammalian S100A8 and 0.356 nM for mammalian SAA3 when tested with baculovirus-purified TLR4/MD-2 proteins \[[@CR42]\]. The apparent Kd between TLR4/MD-2 and lipid A was 3 nM (see Chap. 10.1007/978-4-431-56024-1_5). The synthetic peptide of 2--89 amino acids of S100A8 binds MD-2 purified from baculovirus with Kd 0.73 μM and stimulated cell migration in vitro in a manner dependent on TLR4, MD-2, and MyD88. The binding domain is localized in the C-terminal 30 amino acids S100A8 \[[@CR60]--[@CR89]\], which is supported by the results of docking simulation \[[@CR43]\]. Overlapping peptide scanning of 15 amino acids of SAA3 revealed that amino acids 43--57 bind the MD-2 with Kd 30 μM and stimulated cell migration dependently on TLR4, MD-2, and MyD88. Injection of the bioactive 15-mer to achieve a serum concentration around the Kd value in tumor-non-bearing mice could mobilize BMDC to the lungs in an MD-2-dependent manner \[[@CR44]\].

When human peripheral mononuclear cells were stimulated by either 1 μg/ml of *E. coli*-derived LPS or purified S100A8 with endotoxin \<0.01 pg/ml for 24 h and the culture supernatants were subjected to cytokine array, both induced for example CCL2 but IP-10 and CXCL12 were induced only by LPS. Cytokines specifically induced by S100A8 were not found \[[@CR45]\].

The up-regulation of S100A8 and S100A9 in premetastatic lungs is dependent on VEGF and TNFα, both of which are produced by the primary tumor \[[@CR46]\]. The lung metastasis is blocked by anti-S100A8 antibody or TLR40-KO. Let us consider pneumonia. LPS in the alveolar space promotes permeability in epithelial barrier. Anti-S100A8 antibody can suppress transepithelial migration of leukocytes from the interstitial to alveolar space. Given the bacteriocidal roles of leukocytes in the alveolar space, it is reasonable for bacteria to promote epithelial permeability for invasion and for leukocytes to counter-migrate. Because anti-S100A8 antibody can block transendothelial migration of leukocytes from circulation to interstitial space, S100A8 is likely to contribute to extravasation of leukocytes in physiological and of tumor cells in pathological condition.

Leukocyte extravasation requires their initial attachment with endothelial cells. Bone marrow leukocytes are known to up-regulate Mac-1 (CD11b-CD18) expression in response to not only LPS but also other inflammatory factors including TNFα, LTB4, and C5a. In neutrophils, in which roughly 40% of cytosolic protein is S100A8 and A9, native S100A8-S100A9 heterodimers purified from neutrophils failed to enhance adhesion to fibrinogen whose receptor is Mac-1 at concentrations up to 2 μM, whereas *E. coli*-expressed S100A9 could do so by changing CD18 (=β2 integrin) into an active form that can be recognized by monoclonal antibody mAb24 \[[@CR47]\]. If the recombinant S100A9 protein was contaminated by LPS, it should be the LPS activity via TLR4. If not, the activity should have been mediated by a receptor that binds S100A9 but not S100A8; the most likely one is CD147 (see below) whose activation results in expression of TNFα that may work in a paracrine fashion.

S100A8 and S100A9 were claimed to be in vivo substrate of MMP9 whose knockout reduced lung metastasis \[[@CR48]\].

The Peter Angel group nicely engineered hepatocyte-specific conditional double transgenic mice of S100A8 and S100A9, which displayed no disease phenotypes including inflammatory lesions \[[@CR49]\]. Both proteins were detected weakly in the liver but not increased in the serum from the baseline. Interestingly, they showed roughly twofold up-regulation of serum concentration of CXCL1 with systemic enrichment of Gr1^+^ S100A8^+^ monocytic cells in circulation and passively in liver. Given that S100A8 was up-regulated in the serum of tumor-bearing mice in our experiments, S100A8 induction of CXCL1 is sufficient for leukocyte mobilization from the bone marrow. I am eager to see if portal injection of TLR4^-^ or RAGE-expressing cells can augment liver metastasis. For CXCL1, also refer to Chaps. 10.1007/978-4-431-56024-1_12 and 10.1007/978-4-431-56024-1_16.

Plasminogen activator inhibitor-1 (PAI-1) (see Chaps. 10.1007/978-4-431-56024-1_3 and 10.1007/978-4-431-56024-1_12), which is induced by LPS or ATF3 activation, plays a defensive role in pneumonia by facilitating transepithelial migration of leukocytes into the air space. Both S100A8 and SAA3 can potentially activate ATF3 (see below). Therefore, the defensive mechanism against bacteria by mobilizing leukocytes is \<hijacked\> by tumor cells. Just like leukocytes moving toward LPS, tumor cells move toward those endogenous TLR4 ligands in the lungs resulting in metastatic dissemination. PAI-1 inhibits plasminogen activator responsible for generating plasmin, which can activate MMP9 required for metastatic microenvironment. This seems paradoxical. However, S100A8 and SAA3 cause vascular permeability and fibrin-fibrinogen deposition, which as a next step activates fibrinolytic events.

### S100A8 and the Eph-Ephrin System {#Sec18}

S100A8 induces ephrin-A1 expression \[[@CR50]\]. The original finding was that LPS induces TNFα, which then promotes expression of ephrin-A1 in HUVEC. The prototype of the Eph (The cDNA was originally isolated from a nude mouse transplantable tumor named erythropoietin-producing hepatoma) family of receptor tyrosine kinases, now called EphA1, was discovered by me in 1987, and currently the family is grouped into EphA with ten members and EphB with six members. Their ligands are either GPI-anchored ephrin-A1 through A6 or transmembrane ephrin-B1 to B3 proteins, respectively. The system forms a counter-receptor system giving both forward (ephrin to Eph) and reverse (Eph to ephrin) signaling. The family members play important roles in many biological settings, including EphB4-ephrin-B2 in arteriovenous differentiation, ephrin-B2 in VEGFR2 activity, and EphA3/A5-ephrin-A2/A5 in neuronal pathfinding.

Systemic administration of LPS mimics bacterial assaults from the most exposed organs, i.e., lungs sensing air-borne LPS and liver responsible for perception of gut-derived LPS via portal vein. The misrecognition by those organs was reflected in the time-dependent up- and down-regulation of both EphA1/A2 and ephrin-A1 expressions, which is presumably involved in vascular permeability to allow leukocyte extravasation there \[[@CR51]\]. A small elevation of LPS from whatever tissues attacked by bacteria is homeostatically controlled by this way.

We have shown that the EphA1and EphA2 can bind the membrane-bound ephrin-A1 in lung endothelial cells serving as adhesion molecules in a manner independent of its tyrosine kinase activity \[[@CR52]\]. However, a soluble form of ephrin-A1, which is released from the primary tumor by ADAM12-mediated shedding, reaches in an endocrine fashion and disrupts the pulmonary vascular barrier disorganizing VE-cadherin. We also have shown that the ephrin-A1-Fc recombinant soluble protein causes contraction of endothelial cells in a tyrosine kinase-dependent manner through the SAM domain binding to integrin-linked kinase and the subsequent RhoA-ROCK pathway \[[@CR53]\]. In both EphA1-KO and EphA2-KO mice, vascular permeability in the lungs was actually increased. The information indicates the disruption of molecules that usually participate in lung homeostasis as adhesion machinery causes inflammation in the lungs, i.e., vascular permeability and cell migration. The critical mechanism is likely switching between on and off state of the EphA1 tyrosine kinase activity.

Therefore, the mechanisms of premetastasis cannot be explained without putting into consideration of molecules directly involved in lung homeostasis. The classical danger, such as invading bacteria or tumor cells and necrotic cells, are absent in the premetastatic lungs, but both vascular permeability and cell migration actively take place as in the case of physiological conditions. However, their levels are higher than those in physiological circumstances (see below). After arrival of tumor cells, which is the true danger, danger hypothesis-based events continue as found in the primary tumor.

### A Single Match Can Start Fire {#Sec19}

What is the mechanism by which to explain the sustained expression of S100A8 and SAA3 in the lungs while their serum levels decrease 10--14 days after implantation of tumor cells? Detailed analysis of stimulation and expression pattern of S100A8, SAA3, and TNFα revealed that the triggering mechanism is primary tumor-secreted CCL2 that activates CCR2 in the hyperpermeable regions in the lungs to induce S100A8 expression in the endothelial cells. S100A8 from endothelial cells is secreted into the interstitium where macrophages are located and stimulated to secrete SAA3. The interstitial SAA3 then stimulates TLR4 expressed in club cells in the terminal bronchiole regions, a preferential site of lung metastasis. Club cells then express SAA3, which stimulates their own TLR4 resulting in autoamplification of SAA3 \[[@CR54]\] (Fig. [15.2](#Fig2){ref-type="fig"}). At this stage, the paracrine cascade starting from CCL2 may be dispensable for the establishment of premetastatic milieu even if the primary tumor is removed. It is assumed that TLR4 inhibition may be one of the reasonable ways to put an end to the SAA3 autoamplification.

An initial LPS exposure is known to induce tolerance against subsequent LPS challenge. The mechanisms involve TLR4-induced activation of aryl hydrocarbon receptor (AhR) whose ligands include dioxin of environmental origin and endogenous kynurenine, a product of tryptophan catabolism by indoleamine 2,3-dioxygenase 1 (IDO1) that also is induced by TLR4 activation, as manifested by deceased serum levels of TNFα and IL-6 \[[@CR55]\]. AhR-KO mice were more sensitive to endotoxemia by impaired mitigation of the TLR4-NFκB signaling by AhR. AhR is expressed in club cells that metabolize xenobiotics and can autoamplify SAA3. By utilizing AhR-expressing primary hepatocytes derived from AhR-KO mice, it was shown that a potent AhR agonist TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin) repressed SAA3 expression induced by IL-1β and IL-6 \[[@CR56]\]. The authors showed that similar effects were observed with different AhR agonists, such as benzopyrene and naphthoflavone, and that the mechanisms involved inhibited recruitment of p65RelA and C/EBPβ to the SAA3 promoter. However, ongoing studies in our laboratory have shown that neither S100A8 nor SAA3 lack this feedback (Tsukahara and Maru, unpublished results).

Readers should remember that CCL2 is also involved homeostatic inflammation in alveolar recruitment of monocytes (see Chap. 10.1007/978-4-431-56024-1_14). We have shown that both S100A8 and CCL2 can induce vascular permeability in the lungs. I will review interesting experiments by Jeffrey Pollard group \[[@CR57]\]. They defined inflammatory Ly6C^+^(therefore Gr1^+^) (see Chap. 12.6.3.2) and resident Ly6C^-^(Gr1^-^) monocytes sharing CD45^+^CD11b^+^CD115^+^ phenotypes (CD115 is CSF1^-^R and almost all CD115^+^ cells are Ly6G^-^), which were sorted from CSF1-R-GFP transgenic mice to track down after adoptive transfer into MMTV-PyMT mice. While Gr1^-^ monocytes were recruited in the primary tumor, Gr1^-^ monocytes were mobilized to the late-stage lung metastatic lesions and forced pulmonary metastatic nodules by intravenous injection of a PyMT-induced mouse mammary tumor cell line ( Met-1), and intriguingly lungs 7 h after intravenous injection of Met-1 cells before extravasation in the lungs, but not 7-week-old PyMT mice with yet premalignant mammary tumors presumably without expression of CCL2 even if they make an entry into circulation. High levels of CCR2 expression were observed in the recruited Gr1^-^ monocytes. Notably, CCL2 expression levels in tumor cells were homogenous in the metastatic lung nodules but heterogenous in the primary tumor. Therefore, CCL2 expression appears to confer a metastatic trait on the tumor cells. Given that even CTC expressing CCL2 alone without primary tumor induced Gr1^+^ monocytes in the lung, augmented levels of CCL2 in circulation may be misrecognized by Gr1^+^ monocytes in the bone marrow as a danger producing CCL2 in the lungs. The recruited monocytes are destined to prepare premetastatic soil by producing VEGF in contact with CCL2-secreting tumor cells and VEGF works in concert with CCL2 to facilitate tumor cell extravasation into the lungs. They showed that myeloid cell-specific conditional knockout of VEGF by the tamoxifen-inducible system linked to the CSF1-R promoter abrogated the tumor cell seeding in the lungs. VEGF by itself was not required for the recruitment of Gr1^**-**^ monocytes since VEGF-null monocytes were recruited at similar levels to the control.

TLR4-Deficient Phenotypes {#Sec20}
=========================

TLR4 is a double-edged sword but seemingly defensive.

The TLR4 polymorphism D299G in the extracellular domain showed reduced LPS response with a greater risk of sepsis and decreased ability for binding HMGB1, an endogenous TLR4 ligand (see Part II). The frequency of metastasis by 5 years after breast cancer surgery was 40% in D299G patients compared with 26.5% in those without polymorphism, suggesting the polymorphism is loss of defensive function \[[@CR58]\]. Autosomal recessive mutations in MyD88 within the IRAK4-interacting domain, such as L93P result in failed interaction with IRAK4 leading to severe infection with pyrogenic bacteria during the early infancy \[[@CR59]\]. Compared with reactions in the initial exposures to exogenous bacteria in neonates, those in early adolescence get less and less severe. Conversely, a gain of function mutation L265P in MyD88, which results in constitutive MyD88 signaling with production of cytokines, such as IL-6, can facilitate diffuse large B-cell lymphoma progression \[[@CR60]\]. Thus, the TLR4-MyD88 pathway appears to be defensive against bacteria and tumor progression, but too much defensive reaction favors tumor progression.

LPS reduces the expression of CCL21 through the TLR4-SOCS3 pathway in high endothelial venules in lymph nodes, which results in less mobilization of CCR7-expressing lymphocytes as attackers to the lymph nodes \[[@CR61]\]. In this case, TLR4 weakens the defense via CCL21. When tumor cells express CCR7, CCL21 promotes their mobilization through afferent lymphatic ducts that are dilated by VEGF-C. Here, CCL21 promotes the attack. In both cases, it is favorable for attack by tumor cells.

This apparent discrepancy can be easily understood by thinking of homeostatic mimicry and the hijacking idea. LPS mobilizes defensive BMDC. S100A8 also mobilizes defensive BMDC \[[@CR62]\]. Mobilized BMDC participates in more S100A8 production but find no enemy or attackers to battle against in the premetastatic lungs. Overexpressed S100A8 mobilizes aggressive tumor cells expressing TLR4 in postmetastatic lungs. An siRNA-mediated knockdown of TLR4 in tumor cells abrogated their lung metastasis \[[@CR54]\]. At this stage, defenders are substituted with attackers.

TLR4 activation inhibited growth of breast cancer cells with wild-type p53 by increasing growth-suppressing IFNγ secretion but promotes growth of those with p53 mutations by expression progrowth cytokines, including IL-6 and CXCL1 \[[@CR63]\].

As I just stated, both plasma S100A8 and SAA3 elevate in tumor-bearing mice 10 and 8 days, respectively, after subcutaneous implantation of tumor cells with recruitment CD11b^+^ myeloid cells in the premetastatic lungs. There are some differences between intravenously injected LPS and the endogenous TLR4 ligands produced in tumor burden. Reciprocal BMTs between wild-type and TLR4^-^KO mice can theoretically generate (1) BM TLR4-KO with most of the pulmonary population of cells, such as epithelial and endothelial cells are of wild-type, and (2) lung TLR4^-^KO with recruitment of a small population of wild-type cells from the bone marrow. When systemic LPS was administered at 0.5 mg/kg, neutrophil recruitment in the lungs was observed within 4 h as monitored by myeloperoxidase activity and chloroacetate esterase staining in the lungs, which was abrogated in TLR4^-^KO and lung TLR4^-^KO, but not BM TLR4^-^KO, E- and P-selectin double KO and CD18-KO \[[@CR64]\]. LPS-activated TLR4 was reflected in the P-selectin expression in the lungs in totally wild-type and BM TLR4^-^KO mice but not TLR4^-^KO and lung TLR4^-^KO mice. Collectively, LPS stimulates TLR4 expression in the lung resident cells to induce neutrophil recruitment.

When similar experiments were performed by tumor challenge, which increases plasma levels of both S100A8 and SAA3, pulmonary recruitment of Mac1^+^ myeloid cells was impaired in TLR4^-^KO and BM TLR4^-^KO mice but not lung TLR4^-^KO mice, indicating that blood cell TLR4 is important, but the experiments failed to reduce the significance of lung TLR4. Because club cells, which express TLR4, are derived from BM, a mixture of TLR4^+^ and TLR4^-^ club cells was present in lung TLR4^-^KO mice.

S100 Family {#Sec21}
===========

More than 20 members are known in the S100 family proteins \[[@CR65]\]. They are homologous to each other by 25--65% in amino acid levels. Information of the members with determined crystal structure revealed that they have an EF-hand motif and form antiparallel homo- or hetero-dimers. They can further associate to form high-order multimers. High-resolution NMR spectroscopy revealed that binding of Ca2+ opens up the hydrophobic pocket allowing their interaction with the C-type immunoglobulin domain of RAGE, i.e., Ca2+ molecularly switches the binding. This Ca2+ sensor is engaged in a variety of biological events by functioning in intracellular and/or extracellular space.

S100A8 can preferably form a hetero-dimer with S100A9. In peripheral blood cells from S100A9-KO mice, S100A8 proteins were under detection, although S100A8 mRNAs were present, suggesting that S100A9 proteins are responsible for stabilization of S100A8 proteins in mice \[[@CR66]\]. An opposite situation was reported in humans. Human S100A9 proteins were unstable in the absence of S100A8 proteins \[[@CR67]\]. Both S100A8 and S100A9 proteins were initially identified in the synovial fluid of rheumatoid arthritis patients \[[@CR68]\].

Corpora amylacea in prostate glands of prostate cancer patients mainly consists of amyloid (see Chap. 10.1007/978-4-431-56024-1_6) of S100A8 and S100A9 \[[@CR69]\]. S100A8/S100A9 proteins purified from granulocytes showed a propensity to aggregate in vitro forming fibrillar structures in 8 weeks in a manner dependent on Zn2+ and Ca2+ as judged by atomic force microscopy and transmission electron microscopy \[[@CR70]\]. Liquid chromatography-electrospray ionization mass spectrometry of corpora amylacea revealed the presence of hemoglobin subunits and myeloperoxidase of host origin as well as bacterial DNA sequences, strongly indicating the involvement of bacterial infection-induced inflammation in the formation of this crystal.

S100A8 expression is up-regulated not only in pre-metastatic lungs but also in synovial fluid in rheumatoid arthritis patients, serum from SLE and intestinal epithelial cells of Crohn's inflammatory bowel disease and most importantly in tumors \[[@CR71], [@CR72]\].

In contrast to most secretory proteins exported by the ER-Golgi pathway, unconventional, i.e., still unknown mechanisms underline the release of IL-1β, IL-18, IL-33, proIL-1α, FGF, and S100A8, all of which lack the leader sequence \[[@CR73]\]. It is known that IL-1β secretion depends on NARLP3 inflammasome and caspase-1 activation \[[@CR74]\].

In addition to soluble factors, such as TNFα and LPS, HIF-1 induces expression of both S100A8 and S100A9 by binding to their hypoxia response element (HRE) in the promoters in benign prostate epithelial hyperplasia BPH-1 cells and prostate cancer PC-1 and DU-145 cells \[[@CR75]\]. Analysis of 145 patients who were subjected to radical prostatectomy revealed similar expression patterns of S100A8 and HIF-1α in immunostaining and a negative correlation between the expression levels of S100A9 and the time required for recurrence.

Although dexamethasone alone failed to induce S100A8 expression in 20 h but enhanced LPS-stimulated expression in thioglycolate-elicited murine macrophages, it directly induced S100A8 expression in human blood monocytes. Synovial knee joint biopsy of RA patients revealed that S100A8-positive cell numbers increased 24 h after intravenous administration of methylprednisolone \[[@CR76]\]. Up-regulation after steroid may imply that S100A8 is at least seemingly anti-inflammatory. However, the story is not so simple. For example, increased expression of S100A8 in acute lymphoblastic leukemia with MLL gene translocation confers glucocorticoid resistance on the patients. In this case, abundant intracellular S100A8 is assumed to interfere with glucocorticoid-elicited Ca2+ fluxes from the ER to mitochondria \[[@CR77]\].

Two receptors are known for S100A8: TLR4 and RAGE \[[@CR78], [@CR79]\] (Fig. [15.3](#Fig3){ref-type="fig"}). More precisely, we showed that S100A8 binds the MD-2 coreceptor of the TLR4-MD-2 complex. Only N-glycosylated RAGE, which constitutes only 5% of total RAGE, can bind S100A8 \[[@CR80]\]. From the RAGE side, it can bind the authentic ligand AGE, S100A6, and S100A12 \[[@CR81], [@CR82]\]. One of the unique features of S100 proteins is that they lack signal peptides usually essential for secretory proteins, but they are actually secreted actively and passively into the extracellular space by an as yet unknown mechanism.

Members that participate in tumor biology include S100A2, S100A4, S100A6, S100A7, S100A8, S100A9, and S100B \[[@CR83]\]. Clinical correlation between the expression and invasive levels has been reported in S100A4 (also called metastasin) in particular. This is supported by two logical experiments, i.e., metastasis in MMTV-neu mice was enhanced when crossed with S100A4 transgenic mice, while that in MMTV-PyMT with S100A4-KO was suppressed, indicating that S100A4 is necessary and sufficient for the tumor metastasis although the mechanism is still unclear \[[@CR84]\]. Both stromal cells and tumor cells are influenced in terms of expression levels of S100A4 in those tumor models.

Similar to S100A8, it is abundant in the synovial fluid of rheumatoid arthritis patients and in the psoriatic skin. Intraperitoneal administration of anti-S100A4 antibody in the human psoriasis xenograft in SCID mice was effective by reducing the epidermal thickness and Ki-67+ proliferating cells \[[@CR85]\]. While expression of S100A4 in tumor cells induces their metastatic potentials, various types of cells, including T cells, DC, macrophages, fibroblasts, and myofibroblasts, are S100A4-positive in psoriatic skin. Secreted forms of S100A4 are thought to bind RAGE.

Issue of Multiligand/Multireceptor System {#Sec22}
=========================================

S100A8 and S100A9 can form homo-dimers and hetero-dimers, but their partial synthetic peptides do not necessarily do so (Fig. [15.3](#Fig3){ref-type="fig"}). I mean either monomer or homo-dimer by S100A8 and heterodimer by S100A8/S100A9. In 1999, Marion A. Hofmann initially showed evidence of a linkage of S100 family with inflammation by S100A12 binding to RAGE whose authentic ligand is AGE (see Chap. 10.1007/978-4-431-56024-1_6) pathologically essential in diabetes mellitus \[[@CR82]\]. Mice lack the S100A12 gene of which S100A8 may function in place.

In a skin carcinogenesis model induced by chemicals DMBA/TPA, S100A8, S100A9, MIP-1α, MIP-1β, and MIP-2 were up-regulated \[[@CR86]\]. Those are target genes of NFκB that is activated by RAGE or TNFα. Knockout mice of either TNFα or RAGE were resistant to this chemical carcinogenesis, suggesting sustained NFκB activation by a positive feed-forward loop of S100A8/S100A9 to RAGE to NFκB to S100A8/S100A9. Reciprocal BMT experiments with wild-type and RAGE-KO mice revealed that RAGE in bone marrow cells is responsible for carcinogenesis and dermal infiltration of neutrophils and macrophages. Now RAGE has at least five ligands, i.e., AGE, S100A6, S100A12 (only human), S100A8/S100A9, and HMGB1. Conversely, S100A9 has at least three receptors: RAGE, TLR4, and EMMPRIN.

Tomas Leanderson group has shown that human S100A9 and dimeric S100A8-S100A9 bound human RAGE with KD of 38 nM and 9.4 nM, respectively \[[@CR87]\]. It is of note that S100A12 bound RAGE with KD at 90 nM. They also bound the human TLR4-MD-2 complex with KD of 2.1 nM and 3.8 nM, respectively. Because the binding was not inhibited by simultaneous application of MD-2 proteins, it is likely that S100A9 binds the TLR4 side.

Affinity isolation as spectrometry in search of binding proteins for S100A9 identified EMMPRIN also called CD147 \[[@CR88]\]. S100A9 stimulation induced expression of CXCL1, TNFα, ephrin-A1, and MMP1 in the EMMPRIN signaling presumably via TRAF2. RAGE, another receptor for S100A9, failed to form a heterodimer with EMMPRIN. Intravenously injected EMMPRIN-expressing melanoma cells metastasized to the skin of S100A9 but not S100A8 transgenic mice with the epidermis-specific involucrin promoter.

Furthermore, pull-down experiments of human monocyte-derived dendritic cells after HIV-1 infection with Fc-fused CD85j, which belongs to the human leukocyte immunoglobulin-like receptor family, revealed binding of S100A9 \[[@CR89]\]. They reported that stimulation of purified NK cells by recombinant tetrameric but not monomeric S100A9 proteins expressed and purified from *E. coli* in endotoxin-free conditions as they claimed increased production of TNFα and enhanced their anti-HIV-1 activity.

Endogenous Modulators {#Sec23}
=====================

If homeostatic, LPS should have a feedback loop. See Fig. 10.1007/978-4-431-56024-1_5\#Fig3 in Chap. 10.1007/978-4-431-56024-1_5 for the fundamental TLR4 signaling cascade.

A20 {#Sec24}
---

Negative regulation by A20 was stated in Chap. 10.1007/978-4-431-56024-1_8.

ATF3 {#Sec25}
----

In addition, upon TLR4 activation, NFκB-mediated ATF3 transcription takes place \[[@CR90]\]. ATF3 directly associates with HDAC1 to inhibit TLR4-driven gene expression \[[@CR90]\]. Although LPS stimulation induced expression of neutrophil chemoattractant CXCL1 in ATF3-KO mice, neutrophil recruitment in the ATF3-KO lungs was not observed \[[@CR91]\]. Gene expression profile analysis revealed that TIAM2 was down-regulated in ATF3-KO, which was responsible for the migration defect.

In the OVA-induced model of bronchial asthma, ATF3 is up-regulated in the lungs. ATF3-KO increased the hyperresponsiveness, pulmonary eosinophilia, and Th2 cytokine production \[[@CR92]\]. When you remember this model combined with lung metastasis by B16F10 melanoma cells (see above), you would expect aggravation of metastasis in the lungs. However, myeloid specific ATF3-KO or general ATF3-KO both reduced lung metastasis in the background of syngeneic orthotopic MMTV-PyMT mammary cancer model \[[@CR93]\]. Interestingly, there was no difference in the primary tumor growth. Transcription factor ATF3 is activated in a variety of cells essentially by stress, such as hypoxia, IL-6, and TNFα. ATF3-activated macrophages, for example, switch the balance to M2 and directly activate MMP9 expression. This may be one reason to explain the metastasis-suppressing activity in the ATF3-KO mice.

CD11b {#Sec26}
-----

Activated TLR4 also induces PI3K- and RapL-mediated activation of CD11b, i.e., changing its conformation from an inactive to active state. As you remember that CD11b is an integrin αMβ2, this is an inside-out signal. This elicits a sequential activation of Src and Syk associated with ITAM \[[@CR94]\]. Then Syk phosphorylates MyD88 and TRIF, to which an E3 ligase Cbl-b binds and ubiquitinates for proteasomal degradation. This eventually weakens the LPS-induced signaling by CD11b-mediated negative feedback.

Calcineurin {#Sec27}
-----------

Calcineurin inhibitor, such as FK506, or an siRNA-mediated knockdown of calcineurin in RAW cells augmented the TLR4-NFκB cascade-mediated expression of TNFα \[[@CR95]\]. Conversely, a constitutively active calcineurin by deleting the autoinhibitory and calmodulin-binding regions reduced LPS-stimulated activation of NFκB. Given that TNFα production by FK506 was reduced in macrophages deficient in MyD88, TRIF, TLR4, and TLR2 and that calcineurin co-immunoprecipitates with them, the mechanisms may involve interaction, direct or indirect, between calcineurin and those molecules.

Akt {#Sec28}
---

LPS activates Akt. While TRAF6 located downstream of TLR4 signaling can serve as a direct E3 ubiquitin ligase for Akt important for its membrane translocation and activation in growth factor-activated tumor cells, Akt controls regulatory microRNAs \[[@CR96]\]. For example, Akt up-regulates miRNA let-7e that is capable of repressing TLR4 expression within a few hours, which is restored to the baseline in 48 h. Akt1-KO macrophages displayed exaggerated responses to LPS.

SAA3 Exists in Humans {#Sec29}
=====================

The deduced amino acid sequence portion between mouse and human SAA3 are highly homologous to each other, and a single nucleotide insertion in the human SAA3 exon2 results in a frameshift to generate a shorter SAA3 with a unique C-terminal SAA3 sequence of 12 amino acids. Interestingly, this type of evolutionary genetic alteration occurs in primates, including chimpanzees (Fig. [15.4](#Fig4){ref-type="fig"}). Because no expression of human SAA3 has been reported so far, it has been assumed to a pseudogene. Although we could not find human SAA3 transcripts in the database of the expressed pseudogenes in tumor cells \[[@CR97]\], elaborate qPCP analysis of human lung cancer samples in our laboratory revealed that there exists a chimeric SAA2-SAA3 fusion mRNAs \[[@CR98]\]. The human SAA2 exon3 is connected to the human SAA3 exon2 with roughly 200 kb between the 2 exons to yield the SAA2-SAA3 fusion protein that could be recognized by a monoclonal antibody against the unique sequence of human SAA3. The corresponding gene product activates Erk by binding and stimulating LOX-1, an endothelial cell-specific scavenger for oxidized LDL. The binding affinity was 206 nM as judged by ELISA between C-terminal synthetic 26-mer human SAA3 peptide and soluble LOX-1. Given that neither the SAA2-SAA3 purified from mammalian cells nor synthetic peptide of human SAA3 bound the TLR4-MD-2 complex, human SAA3 signaling is diverged from that of mouse.Fig. 15.4SAA3 protein alignments in various speciesSAA3 protein sequences are conserved in 56% except for those of chimpanzee (Chimp) and human. The amino acids are deduced from the corresponding genomic sequences that contain one base insertion generating a frame shift and truncated protein if expressed. The human SAA3 gene is believed to be a pseudogene

Neonatal Switch from Bacteria to Endogenous Mediators {#Sec30}
=====================================================

Exogenous LPS of initial encounter induced expression of CCR2, which in turn bound endogenous CCL2 in germfree mice, suggesting that innate stimulation by exogenous microbes induce receptors for endogenous mediators (Hiratsuka and Maru, unpublished data).

We have observed up-regulation of individually CCL2^+^ and CCR2^+^ cells in the lungs of LPS-treated but not PBS-treated germ-free neonatal mice. However, neonatal mice housed in the standard SPF conditions, in which they were exposed to LPS-containing bacteria, increased numbers of CCL2^+^ and CCR2^+^ cells were recognized even PBS-treated mice. In the SPF neonates LPS administration followed by LLC injection induced the tumor cell recruitment in the lungs, which was totally abrogated in CCR2-KO mice (Hiratsuka and Maru, unpublished data). Thus, neonatal exposure to exogenous LPS activates the CCL2-CCR2 system, which leads to the endogenous TLR4 cascade of the S100A8-SAA3 paracrine system.

A similar situation is known in SAA3 expression in adipose tissue through gut \[[@CR99], [@CR100]\]. Levels of SAA3 mRNA in epididymal adipose tissue and colon of germ-free Swiss-Webster mice were approximately ten- and sevenfold, respectively, higher than those raised conventionally. MyD88-KO reduced the SAA3 mRNA levels by sixfold compared with the wild type. LPS simulates TLR4 in the colon epithelial cells as well as macrophages to induce SAA3 expression. Serum levels of SAA3 in conventionally raised mice were higher than those in germ-free mice and LPS administration induced SAA3 expression in adipose tissue. Given that both authentic ligand LPS and endogenous one SAA3 bind TLR4 in adipose tissue macrophages to secrete SAA3 by a feed-forward mechanism. Thus LPS-triggered and autoamplified SAA3 production stimulates myeloid cell mobilization from bone marrow resulting in accumulation of macrophages in both tissues. The inflammatory response in both colon and adipose tissue is stabilized at homeostatic levels. We should pay attention to the mechanism by which LPS-induced inflammation in colon can spread to other tissue(s) if LPS can induce expression of endogenous TLR4 ligands, because they can function as LPS in bacteria-free tissues.

MDSC and Premetastasis {#Sec31}
======================

What are the roles in premetastatic lungs of MDSC that I stated in the Chap. 10.1007/978-4-431-56024-1_12? In our initial report of premetastatic lung establishment by S100A8, we monitored Mac-1^+^ cells. This population of cells includes CD11b^+^ Gr1^+^ cells, i.e., MDSC. In breast cancer ectopic xenograft model with 4T1 cells labeled by GFP, which causes spontaneous metastasis to the lungs, flow cytometric analysis and qPCR analysis of GFP of the lungs showed that mice did not have tumor cells in the lungs until 14 days after tumor implantation. Coculture of sorted MDSC with normal lung cells revealed that the number of IFNγ-producing macrophages was significantly decreased \[[@CR101]\]. Histological analysis of the premetastatic lungs showed that costaining of CD11b^+^Gr1^+^ and MMP9^+^ cells. In addition, HUVEC cocultured with MDSC producing MMP9 disrupted VE-cadherin of HUVEC.

It is likely that MDSC cultivates the soil by reducing antitumor effect and by promoting pulmonary vascular permeability.

MDSC accumulate not only in the premetastatic lungs but also in other parts of the body, such as the spleen, by more than fivefold in 3 weeks after tumor cell transplantation. Analysis of the splenic population of MDSC revealed several interesting features: (1) MDSC failed to accumulate in tumors transplanted in S100A9-KO mice but instead CD8^+^ and CD4^+^ T cells infiltrated the tumor and 9 of 12 mice rejected tumor; (2) S100A9 overexpression induced MDSC accumulation by blocking myeloid differentiation via the Nox2 complex-mediated production of ROS.

Is S100A8-SAA3 expression necessary and/or sufficient for premetastatic soil establishment? Both anti-S100A8 and anti-SAA3 antibodies individually blocked lung metastasis as we reported previously \[[@CR42], [@CR46]\]. SAA3-KO mice showed no prominent phenotypes in metastasis experiments in our hands (Tomita T and Maru Y, unpublished results). Because S100A8-KO mice were embryonic lethal, we are currently trying to establish conditional S100A8-KO mice to uncover the homeostatic role of S100A8.

We have discussed on inflammatory conditions, including LPS administration and acute pneumonia, which promote lung metastasis. Knockout mice of uteroglobin, which is an anti-inflammatory protein also called CCSP or CC10 (see Chaps. 10.1007/978-4-431-56024-1_14 and 10.1007/978-4-431-56024-1_15), a specific marker of lung club cells, displayed up-regulated expression of lung S100A8 and enhanced lung metastasis when injected with B16F10 melanoma cells through the tail vein in a tumor nonbearing condition \[[@CR13]\].

In mice with keratin 5-directed expression of IκBα to the epidermis (K5- IκBα), inflammatory hyperplasia with S100A8^+^ neutrophil that dominated over F4/80^+^ macrophages took place followed by the development of well-differentiated squamous cell carcinomas at 4 months of age. Up-regulation of TNFα, S100A8, and SAA3 was found in the skin lesions, which were sensitive to UVB at 500 J/m^2^ to induce apoptosis \[[@CR102]\]. The dermatitis and skin tumor formation were abrogated when K5- IκBα mice were crossed with TNFR1-KO but not CCL2-KO mice \[[@CR103], [@CR104]\]. Murine mammary cancer Met1 cells were subcutaneously implanted in K5-IκBα mice, and the tumor was resected to promote lung metastasis. In premetastatic lungs, CD11b^+^Gr1^+^ cell numbers were elevated but reduced after the resection. However, the resection induced development of macroscopic metastatic nodules in the lungs but not in the skin where premetastatic factors that we proposed, such as S100A8 and TNFα, were constantly up-regulated (Tomita, Toftgard and Maru, unpublished data). Lung metastasis after resection can be explained by elimination of negative angiogenic switch on the tumor cells that reached the lungs before resection. However, the tumor cells could hardly reach the inflammatory skin, suggesting the presence of organotropic factors that control the lung metastasis.

Hijacking the RANKL-RANK System {#Sec32}
===============================

Binding of receptor activator of nuclear factor kB (RANK) in osteoclast precursors and RANK ligand (RANKL) in osteoblasts induces osteoclast differentiation in the presence of M-CSF \[[@CR105]\] (Fig. [15.5](#Fig5){ref-type="fig"}). The osteoclast precursors are derived from bone marrow hematopoietic stem cells and c-Kit^+^ M-CSFR^+^ CD11b low. This homeostasis in bone is hijacked by tumor cells to achieve bone metastasis by ectopically expressing both RANKL and RANK \[[@CR106]\].Fig. 15.5RANK-RANKL in bone metastasis

RANK stimulation elicits signaling through Akt and ERK, inducing cell migration but not cell proliferation or cell death. RANK is frequently expressed in breast and renal cell cancer \[[@CR107]\]. RANK is also expressed in normal mammary gland epithelial cells. A report of 73 clear cell carcinoma of kidney showed that RANK, RANKL, and the soluble form of decoy receptor for RANKL called osteoprotegerin (OPG) were expressed in 82%, 66%, and 71%, respectively, as judged by immunostaining. Although roughly 30% of renal cell cancer patients develop bone metastasis, OPG-high patients were free of bone metastasis. Patients with strong expression of both RANK and RANKL had extramedullary metastasis to skin and liver.

RANK-expressing tumor cells migrate towards RANKL-expressing osteoblasts in bone. On arrival, RANKL in tumor cells and induced RANKL in osteoblasts by tumor cell-derived PTHrP stimulate RANK to induce active osteoclastogenesis and subsequent osteolytic bone metastasis. Given that RANKL is induced by LPS in osteoblasts, endogenous TLR4 ligands, such as S100A8, derived from either myeloid cells or tumor cells might play a role in osteoclastogenesis \[[@CR108]\].

Intracardiac injection of B16F10 melanoma cells that express high levels of RANK resulted in metastasis in bones, ovaries, adrenal glands, and brain. OPG not only inhibited RANKL-dependent cell migration of tumor cells in vitro but also suppressed bone metastasis in vivo. Intriguingly, however, metastasis to other organs was not affected. This information indicates that hijacking the RANK-RANKL system participates not only in the mobilization of tumor cells but also in organ specificity in metastasis.

In addition to tumor cells, LPS-activated TLR4-expressing neutrophils express RANKL. This also is the case in neutrophils from the synovial fluid of exacerbated rheumatoid arthritis patients in which endogenous TLR4 ligands S100A8 and S100A9 are abundant \[[@CR109]\]. Therefore, RANKL not only in tumor cells but also in neutrophils participates in osteoclastic bone resorption.

COX-2 expression (see Chap. 10.1007/978-4-431-56024-1_1) is observed not only in a variety of tumor cells but also stromal cells. LPS induces PGE2 production in macrophages. In postmetastatic bone experiments with melanoma cells, we have shown by using coculture systems and gene knockout mice that B16 melanoma cell-osteoblasts contacts resulted in osteoblastic expression of RANKL in a membrane-bound (m)PGES-1 (see Chap. 10.1007/978-4-431-56024-1_1)-dependent manner, leading to osteoclast formation \[[@CR110]\]. Bone metastasis was abrogated in genetic background of mPGES-1-KO or in the presence of an EP4 antagonist AE3-208 when melanoma cells were injected intravenously through the tail vein. Thus, in this case the RANK-RANKL system is hijacked by melanoma cell-stimulated activation of mPGES-PGE2-EP4 signaling in osteoblasts.

Connexin Hijacking {#Sec33}
==================

Another way to hijack homeostasis is found in one of the mechanisms of brain metastasis by breast cancer and melanoma. Connexin43 mediates homocellular communications in endothelial cells (see Chap. 10.1007/978-4-431-56024-1_3). Endothelial cell-specific knockout of connexin43 resulted in dramatic NO elevation and hypotension suggesting that vascular gap junctions contributes to vascular homeostasis \[[@CR111]\]. Intraperitoneal injection of LPS into mice also induced bladder connexin43 expression in bladder smooth muscle cells, which was largely blocked by an iNOS inhibitor. This suggests complicated mechanisms of connexin43 expression in a variety of cells in which NO generation systems are involved \[[@CR112]\].

An EMT regulator Twist up-regulates connexin43 expression in breast cancer cells, which mediates heterocellular communication between the cancer cells and brain endothelial cells \[[@CR113]\]. The heterocellular connection appears to be functional as judged by the passage of calcein orange dye from the tumor cells to the brain endothelial cells, which might exchange other bioactive molecules. Importantly, using 4T-1 breast cancer cells that were labeled with PKH26 membrane dye, which is retained when labeled cells are not dividing but lost after three cell divisions, the authors showed that the metastatic tumor cells that initiated heterocellular communication with brain endothelial cells may be dormant cells as exemplified by cancer stem cells.

Hormonalization of Autacoids {#Sec34}
============================

Autacoids function in a paracrine fashion in physiological conditions. However, when overexpressed in pathological conditions they appear in the blood stream and affect the distant target cells in an endocrine manner.

Autocrine secretion of VEGF in endothelial homeostasis, that of S100A8 in myeloid cells as exemplified in immune suppressive functions of MDSC and paracrine secretion of TNFα within a variety of tissues are known. Plasma levels of those factors increase in tumor patients in general, which allows their action in tissues distant from the sites of original overproduction, i.e., primary tumors.

For example, S100A8-A9 protein levels in plasma were elevated in gastric cancer patients \[[@CR114]\]. Although the S100A8-A9 producing primary tumor is fixed in stomach, the plasma S100A8-A9 works in an endocrine manner to stimulate bone marrow-derived MDSC, which secretes S100A8-A9 forming an autocrine loop. MDSC circulate and migrate to a tissue including the primary tumor and distant ones apart from it, in which the original functions of S100A8-A9 are transmitted.

Premetastasis Precedes Danger (Damage) {#Sec35}
======================================

In the danger theory, Matzinger proposed that the immune system is activated by damaged cells (Fig. [15.6](#Fig6){ref-type="fig"}) \[[@CR115]\]. This led to the molecular identification of damage signals by so-called alarmins or danger-associated molecular patterns (DAMPs), including uric acids, HMGB1 (see Chap. 10.1007/978-4-431-56024-1_6), and S100A8 (Chap. 10.1007/978-4-431-56024-1_15). Although Matzinger described by mistake that the immune system fails to be activated by tumors, because they usually do not become necrotic to give DAMPs \[[@CR116]\], current understanding is that tumors cause tissue damages and therefore premetastasis, which is devoid of tissue damages, precedes the arrival of tumor cells as a true danger.Fig. 15.6Danger theory and premetastasisEstablishment of premetastatic milieu precedes damages caused by the arrival of metastasizing tumors as a true danger

Concluding Remarks {#Sec36}
==================

Hijacking of homeostatic roles played by endogenous mediators by tumor cells gives inflammatory conditions in premetastatic tissues.
